Abstract Urban water supply is a high priority service and so looped networks are extensively used in order to considerably reduce the number of consumers affected by a failure. Looped networks may be redundant in connectivity and capacity. The concept of reliability has been introduced in an attempt to quantitatively measure the possibility of maintaining an adequate service for a given period. Numerous researchers have considered reliability as a measure of redundancy. This concept is usually implicit, but some researchers have even stated it explicitly. This paper shows why reliability cannot be considered a measure of redundancy given that branched networks can achieve high values of reliability and this would deny the fact that a looped network is more reliable than a branched network with a similar layout and size. To this end the paper discusses two quantitative indices for measuring expected network behavior: reliability and tolerance. These indices are calculated and a comparison is made between looped, branched, and mixed networks.
Introduction
Many cities in the world have very old water supply networks, and research regarding network failures, risks, and vulnerabilities has attracted the attention of researchers. As a result, many interesting papers have been recently published (Carrión et al. 2010; Christodoulou 2010; Pinto et al. 2010) .
Drinking water supply networks have almost always been designed with loops so as to provide alternative paths from the source to every network node or junction. This practice is based on the need to reduce the number of affected consumers when a pipe is withdrawn from service after its failure or because of any other reason. These networks are often called closed or looped networks.
It is well known that the classical cost minimization of a looped network produces a branched network (Chiong 1985; Goulter 1993) . If minimum diameters are specified to close the loops, then it is very likely that the diameters employed will not provide sufficient capacity to convey the required flows if a main pipe fails. As a result, a major service interruption may occur. Therefore, the use of loops in this way has little, if any, practical value (Martínez 2007).
Under normal operating conditions there is no need for loops-meaning that a looped network is redundant. Redundancy is the capacity of the network to distribute water to users using alternative routes. Redundancy is only needed to maintain service, reduce deficit, and minimize the number of affected consumers when a pipe is withdrawn from service.
Redundancy is associated with additional pipes as well as increased flow capacity in those pipes. Capacity reflects the design diameter of the pipe. Due to the previously mentioned drawbacks of using minimum diameters, pipes are designed with large diameters, and so further add to redundancy. Therefore, looped networks can be redundant in connectivity and capacity.
Consequently, a distinction must be made between these two types of redundancy: connectivity redundancy and capacity redundancy. If a branched network is closed using minimum diameters, then there will be connectivity redundancy but no capacity redundancy. Redundancy therefore includes two important concepts: firstly, the connectivity necessary to provide alternative flow paths to each node; and secondly, the provision of an adequate flow capacity (diameter) for those paths (Martínez 2010) .
Therefore, an important design factor is network layout and the comparison between branched and looped networks. The concept of redundancy appears in this comparison and has been closely related to reliability (Goulter 1992; Park and Leibman 1993; Khomsi et al. 1996) . The concept of reliability was introduced to quantitatively measure the possibility of maintaining an adequate service for a given period.
As the behavior of networks is influenced by various phenomena, research has been made on assigning probabilistic values to these phenomena so as to quantify the performance reliability of a network. In this sense, several works can be consultedincluding: (Lansey et al. 1989; Bao and Mays 1990; Goulter and Bouchart 1990; Jacobs and Goulter 1991; Quimpo and Shamsi 1991; Xu and Goulter 1998) .
The introduction of the reliability concept and its quantification are the consequence of the need to provide and measure an adequate level of redundancy in a network (Goulter 1993) . The authors mentioned in the previous paragraph use
